Abstract. Metal-containing compounds have been extensively studied for many years as potent proteasome inhibitors. The 20S proteasome, the main component of the ubiquitin proteasome pathway, is one of the excellent targets in anticancer drug development. We recently reported that several copper complexes were able to inhibit cancer-special proteasome and induce cell death in human cancer cells. However, the involved molecular mechanism is not known yet. We therefore synthesized three copper complexes and investigated their abilities on inhibiting proteasome activity and inducting apoptosis in human breast cancer cells. Furthermore, we employed molecular dockings to analyze the possible interaction between the synthetic copper complexes and the β5 subunit of proteasome which only reflects the chymotrypsin-like activity. Our results demonstrate that three Cu(II) complexes possess potent proteasome inhibition capability in a dose-dependent and time-dependent manner in MDA-MB-231 human breast cancer cells. They could bind to the β5 subunit of the 20S proteasome, which consequently cause deactivation of the proteasome and tumor cell death. The present study is significant for providing important theoretical basis for design and synthesis of anticancer drugs with low toxicity, high efficiency and high selectivity.
Introduction
Metal complexes have important applications in many aspects of life. In recent years, the successful development of metalbased pharmaceuticals, including copper anticancer agents, has attracted more attention on metal complexes in cancer treatment (1) (2) (3) . Studies have shown that the copper complexes, such as dithiocarbamate (4, 5) , 8-hydroxyquinoline (6) , clioquinol (7) and some Schiff base copper coordination compounds (8) (9) (10) , exert promising anticancer activity by targeting the ubiquitinproteasome pathway (UPP) in preclinical trials.
The UPP selectively mediates cellular protein degradation which regulates cell cycle progression, signal transduction, differentiation, proliferation and apoptosis (11) . The tagged proteins are degraded by the 26S proteasome, a huge cylinderlike protein complex, consists of one 20S core particle and two 19S regulatory particles (12) . The 20S core particle comprises four packed rings, and each ring consists of 7 distinct subunits: the outer two rings are α subunits, acting like a 'gate' and controlling which proteins may go through into the cylinder; the inner two rings are β subunits, which form a catalytically active protease and are responsible for protein degradation (13) . In proteasome of mammal cells, all α and β subunits are distinct and only subunits β1, β2 and β5 are catalytically active, which are responsible for caspase or peptidyl-glutamyl peptide-hydrolyzing (PGPH)-like activity, trypsin-like and chymotrypsin (CT)-like, respectively (14) (15) (16) .
Previous research has demonstrated that the inhibition of proteasomal CT-like activity is closely associated with tumor cell apoptosis (17) (18) (19) (20) . Therefore, it is no surprise that selective inhibition of proteasome in cancer cells could be a potential anticancer strategy. To date, the full structure of human 20S proteasome has not been reported yet. By BLAST sequence search against PDB library, bovine 20S proteasome (PDB code:
Anticancer activity and computational modeling of ternary copper (II) complexes with 3-indolecarboxylic acid and 1,10-phenanthroline (21) . Despite a few differences, for example, β1 V6A/E205G and β2 C91Y, these 3 subunits are completely identical between bovine and human. Thus, after some minor modifications and energy optimization, this bovine 20S proteasome structure could be directly used as receptor of docking studies. We previously reported that some metal complexes possess the ability to inhibit the CT-like activity of proteasome and induce cancer cell death in human cancer cells (22) (23) (24) (25) . However, the involved mechanism is unknown. Hence, our results prompted us to obtain further detailed understanding on such copper complexes as anticancer agent candidates. In the present study, we studied the effect of three ternary copper complexes with 3-indolecarboxylic and 1,10-phenanthroline in human breast cancer cells. Similar to the previous finding in prostate cancer cells, all these copper complexes could inhibit the CT-like activity of proteasome and induce apoptosis. Furthermore, molecular docking simulation was used to analyze the possible interaction between these complexes and the catalytically active 20S proteasome. These three complexes were found to have best binding with catalytic site of subunit β5 and formed a few hydrogen bonds and hydrophobic interactions with the receptor. Taken together, the information from the present study provides a basis for developing promising proteasome inhibitors in cancer treatment.
Materials and methods
Chemicals and reagents. 3-indoleacetic acid (IAA) and 3-indolepropionic acid (IPA), 3-indolebutyric acid (IBA) were purchased from J&K Scientific Ltd. (Beijing, China). 1,10-Phenanthroline, DMSO and copper acetate were obtained from Aladdin Co. The complexes IAA-Cu-phen, IPA-Cuphen and IBA-Cu-phen were synthesized in Jining Medical University Pharmaceutical College (Rizhao, China) and were dissolved by DMSO to 25 mM. 3-[4,5-dimethylthiazol2-yl]-2.5-diphenyl-tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The fluorogenic peptide substrate Suc-LLVY-AMC was obtained from Calbiochem (San Diego, CA, USA). Mouse monoclonal antibody to human poly(ADP-ribose) polymerase (PARP), mouse monoclonal antibody against ubiquitin (Ub), goat polyclonal antibody against β-actin (C-11) and all secondary antibodies were purchased from Cell Signaling Technology, Inc. (Shanghai, China).
Instruments. Infrared spectra were performed on a Nicolet 170-SX spectrophotometer using KBr pellets. 1 H NMR spectra were collected at a Bruker AVANCE III (600-MHz) spectrometer. 13 C NMR spectra were carried out with a Bruker AV600 (600-MHz) spectrometer. Thermal analyses were recorded on a NETZSCH thermal analyzer. Elemental chemical analysis (C, H and N) were obtained on a Perkin-Elmer 2400 analyzer. Cellular changes were observed using a Zeiss Axiovert 25 microscope.
Synthesis of the complexes. The complexes were synthesized in two steps by following a previously described procedure (22 Cell culture and whole-cell extract preparation. MDA-MB-231 and MCF-7 breast cancer cells were grown at 37˚C and 5% CO 2 in DMEM/F-12 (1:1) or RPMI-1640 (Invitrogen), respectively, supplemented with 10% fetal bovine serum (FBS). A whole cell extracts were prepared and applied to assess the CT-like activity and western blot analysis (26) .
Cell proliferation assay. MTT assay was applied to evaluate the antiproliferative effect of each complex on breast cancer cells. Cells were seeded in a 96-well plate and grown to 70-80% confluency, then treated with the indicated concentration of each complex at 37˚C. After cultured for 24 h, cell proliferation was assessed as previously described (26) .
Proteasome activity assay. Purified 20S human proteasome (35 ng) or whole-cell extract (10 µg) of human breast cancer cells were incubated with a series of concentrations of three copper complexes in 100 µl of assay buffer (20 mM Tris-HCl, pH 7.5) with 20 µM fluorogenic peptide substrate Suc-LLVY-AMC. After 2-h incubation at 37˚C, the production of hydrolyzed AMC groups was measured as previously described (26) .
Western blot analysis. MAD-MB-231 human breast cancer cells were treated with the complexes as already described (27) . Proteins (40 µg) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The expression of ubiquitin, PARP and β-actin were examined by western blot analysis.
Molecular docking. Sequence of human 20S proteasome β subunits were retrieved from Protein KnowledgeBase (UniProtKB). For each subunit sequence, a BLAST search was performed on PDB library and bovine 20S proteasome [PDB code 1IRU (21)] was found to be the most homologous structure to human and was chosen for this docking study after some minor modifications. The small molecules were sketched manually and energy minimized and then docked to all three catalytic sites of the proteasome. Molecular docking was performed with the CCDC Gold 5.2 (28) . Scoring function was set to ChemPLP, and other docking parameters were set to their default values. Accelrys Discovery Studio Visualizer 4.0 was used for result analysis and figure generation.
Statistical analysis. Statistical analysis was performed using Graphpad Prism 5 software. Differences between groups were analyzed using the Student's t-test.
Results

Synthesis and characterization of three complexes.
3-indolecarboxylic acid copper complexes could exhibit potent anticancer activity through inhibiting proteasome activity (22) . Whereas the exact mechanism is still unknown, there is a hypothesis that the copper complexes interact with proteasome β5 catalytically active subunit. At the same time, the length of linker between indole ring and carboxylic acid group has a certain impact on the activity of these complexes. In the present study, we synthesized three copper complexes with similar structure: IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen ( Fig. 1) , among which IBA-Cu-phen is novel, and then compared their anticancer activity and investigated the potential mechanism of action. The obtained complexes were characterized by IR, 1 H NMR, 13 C NMR, TG analysis and elemental analysis. Because these compounds were not crystallized, X-ray diffraction was not performed.
According to the IR spectra data of ligands and complexes (IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen), the strong absorption peaks at 3389. 63 , respectively, appeared in these complexes, suggesting the formation of Cu-N bond.
The 1 H NMR spectra of IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen showed that there were small shifts in the signals among these ligands, suggesting the interaction between ligands and Cu(II) ion. In addition, the signal for -NH-proton in the spectra (10.736, 10.473 and 10.559 ppm) were still present, while the signal for the -COOH proton of the ligands were absent in these complexes, indicating the hydrogen atom of carboxyl group were displaced by Cu(II) ion. In comparison with the 1 H NMR spectra of ligands, the signal of 1,10-phenanthroline did appear in these complexes, indicating there was coordination of 1,10-phenanthroline and Cu (II) ion. The 1 H NMR spectra analysis results were further supported by 13 C NMR spectra data ( 1 H NMR and 13 C NMR data of the ligands IAA, IPA and IBA were not shown).
Thermal analysis (TG) of complexes IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen were recorded in the range from 25 to 800˚C. These copper-containing compounds were all decomposed actually in one step and the residue rates of them were 14.05, 13.26 and 12.80%, respectively, which were consistent with the calculated values (13.43, 12.83 and 12.27%).
Elemental analysis was applied to further confirm the composition of these copper complexes. The contents of carbon, hydrogen and nitrogen in each complex were consistent with the calculated values, which supported the proposed structure of these complexes.
The ligands and complexes were stable in air. Furthermore, all the complexes were soluble in DMSO and their molar conductivities (Λ m ) were 13. Consequently, the complexes IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen were considered as non-electrolytes and quite stable in culture medium.
Antiproliferative effect of the complexes in human breast cancer MDA-MB-231 and MCF-7 cell lines. We first studied effects of IAA-Cu-phen, IPA-Cu-phen, IBA-Cu-phen and their ligands on cell growth (Fig. 2) . Human breast cancer MDA-MB-231 and MCF-7 cells were treated with 1, 5, 10 and 20 µM (IAA-Cu-phen, IPA-Cu-phen, IBA-Cu-phen) as well as their ligands for 24 h, followed by an MTT assay. We found that these three complexes possessed similar growth-inhibitory activity with >90% inhibition at 20 µM in both cell lines in dose-dependent, compared to a control treated with DMSO (Fig. 2) . However, IAA-Cu-phen was most potent, IPA-Cuphen came next, followed by IBA-Cu-phen while none of the ligands were active. The IC 50 values for cell death induction by all the ligands and copper complexes are given in Table I .
In vitro inhibition of purified 20S proteasomal chymotryspinlike activity.
In this part of the present study, we investigated whether these three complexes could act as potent proteasome inhibitors and possess similar effects of proteasome inhibition as on cell proliferation. Purified human 20S proteasome were kept with various concentrations of the three complexes for 2 h and DMSO was used as a control. This result was consistent with MTT assays. The three complexes inhibited the 20S proteasomal chymotrypsin-like in vitro with rather similar IC 50 (3.5-3.75 µM), and the inhibition ability increased along the concentration of these complexes (Fig. 3) .
Inhibition of chymotrypsin-like activity and induction of apoptosis by the complexes in MDA-MB-231 breast cancer
cells. Chemical structures of several complexes could play a key role in inhibiting proteasome activity to some degree. Therefore, we studied the effects on cellular proteasomal CT-like inhibition and apoptosis induction of these three copper complexes with similar structures. Human breast cancer MDA-MB-231 cells were treated with three copper complexes at the concentrations of 1, 5, 10 and 20 µM for 24 h (DMSO as control), and cellular proteasomal CT-like activity and morphological changes were measured. The results indicated that all three complexes at 1 µM showed no less than 5% inhibition of proteasomal CT-like activity (Fig. 4A ) and no significant apoptosis-associated cellular morphology changes were observed (Fig. 4B) . However, the abilities on the proteasome inhibition of these three copper complexes were obviously different at the concentrations of 5, 10 and 20 µM. We found that IAA-Cu-phen was the most potent, inhibiting 48, 83 and 98% (Fig. 4A) , followed by IPA-Cu-phen, inhibiting 36%, 66 and 89 (Fig. 4A) , and the last was IBA-Cu-phen, with the degrees of inhibition being 28, 59 and 79% (Fig. 4A) , respectively. Consistently, cellular morphology changes (shrunken and rounded up) were found at concentrations of 5, 10 and 20 µM (Fig. 4B) . Our results suggested all three copper complexes possessed the ability to inhibit the proteasome Table I . IC 50 values for cell death induction by copper compounds. activity and induce apoptosis in a dose-dependent manner with the order IAA-Cu-phen >IPA-Cu-phen >IBA-Cu-phen.
Cell death induction IC 50 (µM) -------------------------------------------------------------------
Kinetic effect of the complexes on proteasome inhibition and apoptosis induction.
Previous studies have shown that the decrease of CT-like activity in proteasome is associated with induction of tumor cell apoptosis (5, (17) (18) (19) (20) . Herein, we performed a kinetic experiment to investigate whether the new complex IBA-Cu-phen possessed the same effect. MDA-MB-231 cells were treated with 20 µM compound for 0, 4, 8, 12 or 24 h, followed by measurement of proteasomal inhibition and cell apoptosis (Fig. 5) . The result showed that IBA-Cu-phen inhibited ~12% of proteasome activity after 4-h treatment (Fig. 5A) . As time went on, the chymotrypsin-like activity further decreased. The inhibition ratios were 43, 77 and 86% at 8, 12 and 24 h, respectively. Consistently, the accumulation of ubiquitinated proteins were also detected at 4 h and the levels increased gradually at later time-points (Fig. 5B) . However, cellular apoptosis morphological changes (Fig. 5C ) and apoptosis-specific PARP cleavage (Fig. 5B ) both appeared at 12 h and later time-point of treatment. These results demonstrate that proteasome inhibition by IBA-Cu-phen triggers the occurrence of tumor cell apoptosis.
Molecular docking simulation.
To further explain how and why these three copper complexes could serve as proteasomal CT-like inhibitors, we investigated the possible binding mode of the three compounds with proteasome by molecular docking simulation. The small molecules IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen were docked to all the three catalytic site of the above receptor structure using CCDC GOLD 5. These three small molecules were found to have the best binding with catalytic site of subunit β5, which locates near the adjacent subunit β1 and also consists of a number of residues from subunit β1, like SER123, ASP125, PRO126, VAL127 and GLN131 (Fig. 6) .
The binding mode of IAA-Cu-phen, which has the highest activity among all three complexes, was analyzed. As shown in Fig. 6A , IAA-Cu-phen forms a few hydrogen bonds and hydrophobic interactions with the receptor. Briefly, it forms a hydrogen bond with THR1 sidechain by its indole nitrogen atom; also, its carboxylic oxygen atom (which coordinates with copper), forms a hydrogen bond with ALA49, which plays an important role in IAA-Cu-phen binding. Residues ALA20, VAL31, LYS33 and MET45 form a large hydrophobic cavity with their sidechains, to accommodate one indole ring of IAA-Cu-phen and bind it with hydrophobic interactions. The naphthisodiazine group of IAA-Cu-phen binds to ALA50 and two residues from subunit β1 (PRO126 and VAL127) through hydrophobic interactions. Furthermore, binding modes of three complexes were compared. As displayed in Fig. 6B , IAA-Cu-phen, IPA-Cu-phen and IBA-Cu-phen in proteasome catalytic pocket have similar binding conformations, but differ in the position and orientation of the two terminal indole rings. IAA-Cu-phen binds to the pocket tightly, while IBA-Cu-phen shows a little weaker binding to the pocket than IAA-Cu-phen and IPA-Cu-phen. These results agree with the biological study results.
Discussion
The ubiquitin-proteasome pathway is responsible for selectively degradation of intracellular proteins, and has attracted extensive interest in cancer therapeutics (1, 31) . Some studies indicate that cancer cells are more dependent on the UPP than normal cells (18, 32) . Therefore, inhibition of proteasome activity could be a viable option in treatment of human cancer. The first proteasome inhibitor bortezomib (Velcade) was successfully applied clinically and used in relapsed multiple myeloma treatment (33) , and this raised concerns over the development of proteasome inhibitor. The second-generation proteasome inhibitors carfilzomib (Kyprolis ® ) (34) and Ninlaro (ixazomib) (35, 36) were developed and approved by the USFDA in 2012 and 2015, respectively. But, unfortunately, the emergence of drug resistance makes treatment less effective and limits their clinical use. Based on the development of the antitumor metal-based drugs, designing and developing novel metal-based complexes as a new generation proteasome inhibitor could be a good choice (20) .
Recent studies suggest that some copper complexes could serve as potential proteasome inhibitors due to their potent effect in the inhibition of proteasome and induction of cancer cell apoptosis (22) , although the detailed mechanism of action remained unclear. Hence, in order to further investigate the anticancer effect of this kind of copper complexes and to understand the mechanisms by which these three complexes inhibit the proteasomal activity and induce cell death, in the current study we synthesized three Cu(Ⅱ) complexes IAA-Cuphen, IPA-Cu-phen and IBA-Cu-phen using IAA, IPA and IBA as ligands, and have shown that they exert very potent growth-inhibitory activity in both ER-negative MDA-MB-231 and ER-positive MCF-7 cells. IAA-Cu-phen was the most potent, IPA-Cu-phen came next, followed by IBA-Cu-phen with none of the ligands active ( Fig. 2 and Table I ). In fact, these complexes possess similar structures. Therefore, the length of linker between indole ring and carboxylic acid group may have a certain impact in the activity of these complexes.
We extended this knowledge and investigated the potential proteasome-inhibitory activity of these copper complexes in vitro and in vivo. We found that three complexes were potent in their ability to inhibit the CT-like activity of purified 20S proteasome and the cellular proteasome in concentration-dependent effect (Figs. 3 and 4A ). In addition, cellular morphologic changes were observed at 10 and 20 µM (Fig. 4B) , indicating cellular apoptosis induction. Correlating positively with the anti-proliferation assay, these complexes inhibited proteasome activity and induce apoptosis with the order IAA-Cu-phen >IPA-Cu-phen >IBA-Cu-phen. Then, we performed a kinetic experiment to test whether tumor cell apoptosis was caused by the proteasome inhibition of IBA-Cuphen. MDA-MB-231 cells were treated with IBA-Cu-phen, the proteasomal CT-like activity was inhibited at as early as 4 h (Fig. 5A) , and this was associated with accumulation levels of ubiquitinated proteins (Fig. 5B) . However, cleavage fragment p85 of PARP was observed at 8-h treatment and later time-points, indicating apoptosis occurrence, which also complemented well with the morphologic changes (Fig. 5C) .
Currently, the related mechanism of action for the Cu complexes is still unclear. The first orally bioavailable and reversible proteasome inhibitor, ixazomib, acts by binding to and inhibiting the β5 subunit of the 20S proteasome (36, 37) . The discovery encouraged us to further study whether the copper complexes could bind to the β5 subunit of the 20S proteasome. Therefore, we investigated the possible binding mode of the three active compounds to proteasome by molecular docking simulation. The bovine 20S proteasome, which was discovered to have very high sequence homology to human 20S proteasome, especially for the catalytic subunits, β1, β2 and β5, was used as receptor of docking studies. We found that these three complexes have best binding with catalytic site of subunit β5, which locates near the adjacent subunit β1 (Fig. 6) . These three complexes could form a few hydrogen bonds and hydrophobic interactions with the receptor and directly inhibit chemotrypsin-like activity (Fig. 6A) . The binding conformations of three copper complexes in proteasome catalytic pocket are roughly similar, but differ in the position and orientation of the two terminal indole rings (Fig. 6B) . Furthermore, such differences may be due to the different length of linker between indole ring and carboxylic acid group. IAA-Cu-phen binds to the pocket tightly, while IBA-Cu-phen shows a little weaker binding affinity to the pocket than IAA-Cu-phen and IPA-Cuphen, probably due to the larger freedom of movement of the indole rings. This result may indicate that the extra rotatable bond(s) of IPA-Cu-phen and IBA-Cu-phen is unnecessary or detrimental. But in general, seen from the molecular modeling results, binding ability of IPA-Cu-phen and IBA-Cu-phen do not differ much to that of IAA-Cu-phen, which agree with the biological study results.
As stated earlier, the ligands IAA, IPA and IBA have no activity on inhibiting tumor cell proteasome or inducing apoptosis. It is known that CuCl 2 alone was not able to induce any of these events (5) but inhibited the CT-like activity of the purified 20S proteasome with an IC 50 value of 5.3 µM (38) . However, the synthesized Cu complexes exhibit cancer-specific proteasome-inhibitory and apoptosis inducing activities. In combination with the results of biological study and molecular docking simulation, we can draw the following conclusion: these three complexes, but not ligands or CuCl 2 , could enter tumor cells and directly bind with catalytic site of subunit β5 by forming a number of hydrogen bonds and hydrophobic interactions and therefore inhibit chemotrypsin-like activity and induce tumor cell death (Fig. 7) . This study indicates that these copper complexes and other similar complexes could act as potent proteasome inhibitors and have great potential to be developed into new metal-based anticancer agents.
